The formation of spores in Bacillus species offers a relatively simple system for studies of cellular differentiation. Biochemical changes occurring, in the cytoplasm of sporulating cells must be governed by genetic determinants (either chromosomal or extrachromosomal). Mutations affecting these biochemical processes should give rise to asporogenous mutants which are incapable of forming spores under any experimental conditions. Although the existence of such stable mutants has been known for many years, very little information is available on the genetics of sporogenesis. Recently, Schaeffer, Ionesco, and Jacob (1959) showed that the ability to form spores could be restored by transformation (Spizizen, 1958) in asporogenous mutants of B. subtilis.
The formation of spores in Bacillus species offers a relatively simple system for studies of cellular differentiation. Biochemical changes occurring, in the cytoplasm of sporulating cells must be governed by genetic determinants (either chromosomal or extrachromosomal).
Mutations affecting these biochemical processes should give rise to asporogenous mutants which are incapable of forming spores under any experimental conditions. Although the existence of such stable mutants has been known for many years, very little information is available on the genetics of sporogenesis. Recently, Schaeffer, Ionesco, and Jacob (1959) showed that the ability to form spores could be restored by transformation (Spizizen, 1958) in asporogenous mutants of B. subtilis.
The transfer of a spore-forming character in the same organism was also demonstrated by transduction with bacteriophage PBS 1 (Takahashi, 1961) . A number of asporogenous mutants were then isolated and genetic analyses by transduction were carried out. In this paper, data will be presented to show that there are numerous mutational sites for sporulation, and that some of the mutations are linked to amino acid markers or antibiotic markers. Portions of this study have been reported elsewhere (Takahashi, 1962 (Takahashi, , 1963a The pH of the medium was adjusted to 7.0. After autoclaving at 120 C for 15 min, FeSO4 (10-6 M), and Ca(NO3)2 (10-3 M), sterilized separately, were added to the medium. Minimal agar of Spizizen (1958) supplemented with MnSO4 (5 ,ug/ml) was used to score prototrophic transductants. Asporogenous mutants were isolated as follows. Cultures were irradiated with a 90 to 95% killing dose of ultraviolet light and plated, after appropriate dilution, on sp agar. After an incubation of 2 days, colonies which remained white were selected and their rates of sporulation were determined. Some of the mutants were obtained without ultraviolet irradiation. The number of spores was estimated by heating cultures at 85 C for 10 min and plating on sp agar. In this study, only asporogenous mutants which had a rate of sporulation of less than 10-8 were used. As most parent strains used for the above isolations were auxotrophic, the asporogenous mutants used here were double mutants (asporogenous and auxotrophic Transduction. Bacteriophage PBS 1 (Takahashi, 1961) was exclusively employed in the transduction experiments. The methods for the preparation of phage lysates and for the estimation of plaqueforming particles were as described previously (Takahashi, 1963b) . For transduction of sporogenesis, 1.8 ml of recipient cultures were mixed with 0.2 ml of lysate and incubated for 15 min to complete phage adsorption. Three 0.1-ml samples were spread on sp agar with a glass rod and incubated for 2 days. To kill vegetative cells, the agar plates were then sprayed with chloroform by means of a chromatography solvent sprayer. After 30 min, sporogenous transductants were transferred onto fresh sp agar by the replica plating method of Lederberg and Lederberg (1952) . The numbers of colonies which produced a dark brown pigment were counted after an incubation of 2 days. Transduction of erythromycin resistance was carried out as follows. Three 0.1 ml-samples of the above infected cultures were plated with 10 ml of TB agar, which was melted and kept at 50 C and incubated for 2 hr. The plates were then overlaid with 10 ml of TB agar containing 2 ,Ag/ml of erythrocin lactobionate. The numbers of erythromycin-resistant colonies were counted after an incubation of 2 days.
RESULTS
Transduction of sporogenesis. It was reported earlier that transduction of sporogenesis in strain Sp-' could be readily demonstrated with lysates of a wild-type strain, although deoxyribonucleic acid derived from the wild-type strain was unable to confer either sporogenesis or streptomycin resistance to Sp-' (Takahashi, 1961) . Under the experimental conditions that were used, other asporogenous mutants listed in Table 1 were also nontransformable. Nevertheless, the ability to form spores could be restored in these mutants by transduction with a wild-type strain (SB19E) as donor, with the exception of Sp-H12-3 (Table 2) .
To determine whether these asporogenous mutants carry a distinct mutation or whether they can be grouped into a small number of classes, reciprocal transductions were carried out. To avoid variables such as inevitable differences in specific transducing activities (the number of transductions per unit of plaque-forming particles) of various lysates, or differences in the physiological state of individual recipient cultures, an unrelated marker (ery-r), was introduced to all donor strains; the ery-r marker served as a standard of reference (Lacks and Hotchkiss, 1960) . The frequency of transduction to sp+ can be better evaluated if it is expressed as the ratio sp+/ery-r, that is, the number of sp+ transductants divided by the number of ery-r transductants (Table 2) . Table 2 shows that, in general, transduction frequencies of sporogenesis are inferior to those of erythromycin resistance. A similar observation was made by Schaeffer (1961) in his transformation ex)eriments, in which an indole marker was used as reference. This may be partly due to the indirect method (in our case the replica plating) employed for the estimation of sporogenous recombinants. Furthermore, experimental error arising from the use of the replica technique is not known. Any meaningful comparison between the transduction frequencies presented in Table 2 , therefore, can not be made; these frequencies should be taken as strain, Sp+) , could be readily transduced to erythromycin resistance, the inability to form erythromycin-resistant transductants seemed to be associated with their asporogenous character. At present, however, no exact explanation can be given for the behavior of these two strains.
The behavior of strain Sp-H12-3 was also anomalous (Table 2 ). This strain could act effectively as donor to all other strains but did not produce any sporogenous recombinants, even when a wild-type strain was used as donor. Since Sp-H12-3 produced erythromycin-resistant transductants at a normal frequency (Table 2) , it is unlikely that this, strain was physiologically incompetent in transduction.
Another unusual feature of this strain was its extremely low reversion rate. No sporogenous revertants were detectable under a variety of experimental conditions.
Linkage between spore markers and other markers. When prototrophic colonies derived from strain Sp-' (sp-and requires casein hydrolysate for growth) by transduction were examined, it was found that they consisted of two groups in regard to the pigmentation: creamy white colonies and dark brown colonies. Microscopic examination revealed that the white colonies were still asporogenous, but the brown colonies contained a large number of spores. Furthermore, when a donor strain carrying a streptomycin marker was used, about half of the brown colonies were resistant to streptomycin. A similar linkage relationship was observed with the neomycin and erythromycin markers (Table   3 ). When strain SB19E (prot, sp+, str-r, ery-r), which carries the linked streptomycin and erythromycin markers (unpublished data), was used, it was possible to demonstrate transductants of Sp-' to which these four markers were transmitted jointly at a fairly high frequency. When experiments similar to those presented in Table 3 were performed with the multiplicity of infection ranging from 2.4 to 0.06, the same degree of linkage between sp+ and ery-r was observed in all cases. The joint transduction presented in Table 3 is therefore not likely to be the result of multiple infections by phage particles carrying sp+ and ery-r segments separately.
Two groups of linked genetic markers in B.
subtilis have been described so far: the group of aromatic compounds (Nester and Lederberg, 1961; Ephrati-Elizur, Srinivasan, and Zamenhof, 1961; Anagnostopoulos and Crawford, 1961) and the methionine-isoleucine group (Yoshikawa and Sueoka, 1963) . This study with strain Sp-1 suggests the existence of another linkage group in which several physiologically unrelated markers are closely linked to the locus sp 1.
Upon examination of prototrophic colonies derived from asporogenous mutants other than Sp-1, it was also found that some of the colonies were pigmented and contained spores. Since prototrophic derivatives of the asporogenous mutants used in this experiment were still spand had the same revertant frequency to sp+ (less than 10-8) as the parent strains, it is unlikely that the doubly transduced colonies (prot, sp+) were formed by the reversion from (prot, sp-) to (prot, sp+). As shown in Table 4 , loci sp N2-2, sp 170-2, and sp H12-4 were linked at relatively high frequencies to ser, tyr, and phe loci, respectively. No antibiotic-resistance markers were associated with this group of spore mutations.
Joint transduction of physiologically unrelated markers has been considered to be a rare event in other transduction systems (see review by Hartman, 1957) . The above observations with phage PBS 1 suggest that simultaneous transfer of two or more markers might occur more frequently in transduction than it was thought.
DIscussIoN
Schaeffer and lonesco (1960) and Schaeffer (1961) have shown in their transformation study that there are at least three unlinked mutational loci for sporulation in B. subtilis. On the other hand, all mutational sites reported by Spizizen, Reilly, and Dahl (1963) are linked to a group of genes which control the synthesis of a proteolytic enzyme and a wall-lytic enzyme. Our data obtained by transduction seem to be in agreement with the conclusion of Schaeffer (Acta Microbiol. Acad. Sci. Hung., in press) that the genes at which a mutation can affect sporulation are numerous (several tens at least) and that they are not linked with each other.
As shown in Tables 3 and 4 , a high degree of linkage between auxotrophic markers or antibiotic markers and some spore markers was obtained. Schaeffer (1961) , however, failed to observe any auxotrophic markers which were associated with his spore markers. This failure may be due to the fact that all his asporogenous mutants are derivatives of strain 168 (sp+, ind-). The asporogenous mutants used in this study are 
